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ABSTRACT 
The microstructure development in YBa 2cu3o6 +x was 
studied for homogeneous powder compacts. Most of the 
densification for this material occurred within the first 
hour of sintering, and the samples reached a maximum of 95% 
theoretical density. The m icrostructures were quite 
typical in that the plate-shaped grains were heavily 
twinned, and some microcracking was observed. 
The effect of heterogeneities on sintering was 
investigated using two types of powder compacts: the first 
contained soft agglomerates, while the second ~ontained 
dense inclusions. The soft agglomerates densified more 
I 
rapidly than the surrounding matrix, causing 
circumferential crack-like damage at the agglomerate/matrix 
interface, consistent with observations from other systems. 
However, there was no reduction in density nor any 
microstructural damage as a result of the dense inclusions, 
contrary to studies in other polycrystalline systems. Due -
to this discrepancy, it was suggested that there may have 
been a liquid phase present during sintering, and the 
following study was conducted. 
The third section of this thesis investigated the 
effect of a liquid phase on the sintering of compacts 
containing non-densifying (already dense) inclusions. In 
the absence of a liquid phase, there was a significant 
1 
decrease in the densification rate and fina~ density of the 
matrix, as well as some microstructural damage. However, 
A 
when the samples were sintered with approximately 2.5 vol% 
liquid phase, there was some reduction in densification 
rate and slight microstructural "damage" in the early 
stages of sintering, but this disappeared after longer 
sintering times. Thus, the liquid phase was responsible 
for completely homogenizing the microstructure. It was 
proposed that the reductions in density and the 
microstructural damage observed in samples which contained 
no liquid phase were the result of poor packing of the 
• 
matrix particles around the irregularly-shaped inclusions 
in the green compacts. The liquid phase simply aided in 
particle rearrangement to enhance the packing efficiency, 
and thus densification, around the inclusions, producing 
homogeneous microstructures. 
This hypothesis was supported by sinter-forging 
experiments, which were used to quantify the effect of 
inclusions on the sintering behavior of the matrix. The 
inclusions were found to reduce the densification rate of 
the matrix by 22%, whereas the backstress was calculated to 
account for only a 6% reduction. Therefore it was 
concluded that poor packing of the matrix particles around 
the inclusions was the controlling factor responsible for 
the density reductions and microstructu,ral damage. 
2 
INTRODUCTION 
Since the discovery of high temperature (Tc> 90K) 
superconductivity in the ceramic material YBa 2 cu 3 o6 +x in 
1987 [1], there has been much activity in the study of its 
magnetic and electrical properties. However, this system 
is one in which the properties are strongly governed by the 
processing technique, and thus the study of the fabrication 
process is also very important. For instance, a non-
superconducting phase which forms at the grain boundaries 
during heat treatment will severely limit current transport 
there, and thus decrease the critical current density of 
the sample [ 2-4 J. This thesis focuses on the fabrication 
of YBa 2 cu3o6 +x and the important variables involved in the 
process, rather than on the measurement of superconducting 
properties. 
While there are many processing routes by which to 
produce superconducting samples (i.e. thin film deposition, 
melt texture • processing, etc.) , this thesis will 
concentrate only on the sintering of polycrystalline 
samples. Two important variables to consider in sintering 
are temperature and time, as it is a diffusion-controlled 
process. Because YBa2cu3o6+x is a non-stoichiometric 
compound, the sintering atmosphere is also an important 
factor. Sintering can be conducted in essen~ially any 
atmosphere, al~hough an anneal in flowing oxygen is 
3 
necessary to achieve the superconducting orthorhombic phase 
which occurs for 0.63 < x < 1.0 (5]. Studies have shown 
that the sintering atmosphere has a direct effect on the 
phase purity and densification behavior of the sample [6-
10]. 
Another important factor in the sintering of 
• ceramic 
superconductors (and any material) is the quality of the 
starting powder. For example, many powders contain some 
type (s) of heterogeneity, which can take the form of 
agglomerates, regions of varying particle size or particle 
packing, or local differences in chemical composition. The 
effect of these heterogeneities is to induce local 
differences in the sintering rate [11]. It has been 
commonly thought that this differential sintering led to 
reductions in the densification rate and/ or the final 
density of the compact, and sometimes crack-like damage in 
polycrystalline materials. However, this idea is presently 
under much investigation, as will be discussed in this 
thesis. 
There is currently much interest in heterogeneous 
sintering due to its relevance to the sintering of 
composite materials where the reinforcing phase (i.e. 
heterogeneity) is non-sintering, thus producing 
differential sintering rates in the compact. However, 
while there are many theoretical studies predicting the 
effects of heterogeneities, there have been relatively few 
4 
experimental studies to test these predictions. Further, 
there have been no studies which investigate this problem 
in YBa 2cu 3o 6+x' although the starting powders for this 
material are typically quite heterogeneous and the 
fabrication process is known to influence the final 
properties. 
One further consideration in the sintering of ceramics 
is the effect of a liquid phase. It is generally known that 
liquid phase sintering aids enhance densification due to 
increased diffusion rates, and they are often used as 
additives to promote densification • • 1n ceramics [ 12] . 
However, the effect of a liquid phase on the sintering of 
heterogeneous compacts has not been evaluated. In 
YBa2cu3o 6+x' for compositions slightly rich in cuo and Bao 
there is a eutectic which occurs at approximately 89o 0 c in 
air [7,8], well below the sintering range of 940 - 975°c. 
Since YBa 2cu 3o6+x is a point compound for a given oxygen 
partial pressure, only slight variations in composition or 
partial pressure are needed to produce this liquid phase. 
On the other hand, through careful processing, samples 
which contain no liquid phase can also be prepared. 
Consequently, this is an ideal system in which to study the 
effect of a liquid phase on the sintering of· heter.ogeneous 
compacts. 
This thesis presents experimental observations on the 
5 
sintering behavior of YBa 2cu3o6+x (using homogeneous 
powders). Using this data for comparison, the effects of 
heterogeneities (variations in particle size and packing 
density) on the sintering behavior are investigated. 
Finally, the effect of a liquid phase on the sintering of 
these heterogeneous compacts is studied. 
< ..,. 
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BACKGROUND 
1. The YBa2cu3o6+x System 
The discovery of high temperature 
superconductivity in YBa 2cu3o6+x [1,13) generated much 
enthusiasm and many envisioned applications for its use. 
However, many aspects of this complex system must be 
understood before this material can be effectively utilized 
in any applications. One such example is the 
rnicrostructure evolution, which is important because it 
governs the superconducting properties. It is the former 
which will be the focus of this thesis. A brief 
introduction to the crystal structure and phase equilibria 
of the YBa 2 cu3o6+x system will be given in the following 
paragraphs. 
1.1 Crystal Structure 
The YBa 2cu 3 o 6+x phase has an oxygen deficient 
perovskite structure with the atoms arranged in a distorted 
orthorhombic unit cell, as shown in Figure 1 [14-17]. For 
the superconducting orthorhombic phase, the value of x in 
the compound formula is 1 (i.e. YBa2cu 3o7). On heating, 
this structure undergoes a transition to the tetragonal 
phase at a temperature which depends on the oxygen partial 
pressure. In a study by O'Bryan et. al. [5], the 
transition was found to occur at 686°c in 100% oxygen, and 
approximately 520°c in 0.09% oxygen. When this occurs, 
7 
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Figure 1. The unit cell of ·orthorhombic YBa2cu3o6+x· 
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oxygens leave the cu-o-cu chains in the orthorhombic cell. 
The oxygen ions subsequently disorder between sites in the 
basal plane, making the a and b axes equivalent, and hence 
the cell tetragonal [18]. This tetragonal phase has x = 
0.63 [5] and is non-superconducting. The phase transition 
is fully reversible so that an oxygen anneal around soo 0 c 
causes the structure to transform back to the 
superconducting orthorhombic phase as oxygen is re-
absorbed. This sensitivity to oxygen is also reflected in 
the sintering behavior, which will be discussed in later 
sections. 
1.2 Phase Equilibria 
The phase diagram for the Y2o 3-BaO-CuO system is shown 
in Figure 2 [19,20]. The YBa 2cu 3o6 +x phase is denoted as 
"123" for its molar ratios of Y:Ba:Cu, and is a point 
compound on the diagram. This phase decomposes 
peritectically to form a liquid and a crystalline phase 
with composition Y2Bacuo 5 (shown as 11 211 11 on the diagram) 
at 1010°c in air [19-21]. A feature of this diagram which 
is very important to the processing of this material is the 
existence of a low melting eutectic which occurs for 
compositions rich in Bao and cuo, compared to the 
stoichiometric compound. The temperature of this eutectic 
is quite sensitive to the oxygen partial pressu+e. Perhaps 
even more interesting is the effect on processing when a 
9 
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Figure 2. The Yo1 . 5-BaO-CuO phase diagram at 950°c. 
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fourth component, co2 , is added to this diagram. This can 
occur, for example, if there is some air in the sintering 
atmosphere. This co2 contamination causes the formation of 
an oxycarbonate liquid phase [8]. Then, when samples of 
this material are sintered • • 1n air (as opposed to pure 
oxygen), contamination from co 2 is likely to cause the 
formation of this liquid phase, and the low oxygen partial 
pressure may cause the formation of a liquid phase which is 
rich in Ba and Cu due to lowering of the eutectic melting 
temperature. In fact only very small amounts of air in the 
sintering atmosphere or small variations in the starting 
powder compositions are enough to induce liquid phase 
formation. Thus, avoiding liquid phases during processing 
is difficult, and requires careful control over the powder 
compositions as well as during the compaction and sintering 
steps. Although the liquid promotes densification, it is 
highly detrimental to the superconducting properties, and 
is therefore undesirable [7]. 
2. Heterogeneous Sintering 
Before ceramic materials are sintered, the starting 
powders are formed into green (unsintered) compacts. These 
powder compacts commonly contain heterogeneities, which can 
take the form of soft or hard agglomerates, variations in. 
the particle size or packing density, or local differences 
in chemical composition. These regions will sinter at 
11 
different rates, which gives rise to stresses within and 
between the regions. The nature of these stresses depends 
on the relative rates of shrinkage between the 
heterogeneity and the matrix [11,22-26]. 
2.1 Rapidly Shrinking Inclusions 
As the first case, consider a spherical incl us ion 
which is shrinking faster than the surrounding matrix 
material. For example, this would correspond to a region 
of fine particles or a region with a lower packing density 
than the matrix. The stress distribution corresponding to 
this situation is analogous to that of anisotropic thermal 
expansion/ contraction. As the inclusion shrinks away 
from the matrix, tensile radial stresses develop at the 
interface [22,27]. 
3. 
A consequence 
polycrystalline 
This is schematically shown in Figure 
of this differential shrinkage I 1n 
I 
ceramics is that there may be 
circumferential cracking at the heterogeneity/matrix 
interface [22]. One of the first observations of this was 
by Reeve [ 2 8 J in 19 63, where agglomerates in the starting 
powder densified more rapidly than the matrix, • causing 
cracking at the agglomerate/ matrix interface~1 Since then 
. / 
the occurrence of circumferential cracking as a result of 
differential sintering has been confirmed by Lange and 
Metcalf [29] with deliberate additions of heterogeneities. 
12 
• 
Inclusion Matrix Element 
Figure 3. Stress distribution for an inclusion shrinking 
faster than the surrounding matrix. 
Figure 
density 
. lo Um .···-::·.· 
.. ··• .,.,.. . .... ,. .. ; •• . · . . v,.•· ) . . r · •. • :, . .. . · 
. ' ... ~"·',' 
4. Circumferential ·crack-like 
Zr~2 agglomerate [29]. 
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damage around a low 
Figure 4 [ 29) shows circumferential cracking at the 
interface of a low density zro 2 agglomerate in a higher 
density matrix. Observations of this type of cracking have 
also been made by Vasilos et. al. [30] and Green et. al. 
[ 31] . 
2.2 Non-shrinking Inclusions 
Most of the emphasis in this area of study has been 
placed on the case of non-shrinking inclusions in a 
sintering matrix. This is primarily due to its relevance 
to the sintering of ceramic-matrix composites, where the 
reinforcing phase (fibers, whiskers, or particles) is non-
sintering. Consequently, there have been many more 
investigations, both theoretical and experimental, for this 
case than for the rapidly shrinking inclusions. 
When the inclusion is already dense and does not 
shrink, the matrix must densify around it. Here the 
inclusion is placed in hydrostatic compression [22,23,27], 
and the stress distribution is as shown in Figure 5. It is 
the tensile component of this stress that has been termed 
the "backstress." This situation can have two effects on 
the microstructural development in polycrystalline 
materials, depending on the nature of the stresses, i.e. 
magnitude, duration, etc. The first is that the presence 
of the non-shrinking inclusions can cause a reduction in 
the densification ,J"-r ate 'and/or the final density of the 
14 
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Inclusion Matrix Element 
Figure 5. Stress distribution for a non-shrinking 
inclusion in a sintering matrix. 
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j 
matrix. The second possible consequence is that the matrix 
may crack radially at the interface in order to relieve the 
stresses. In the following paragraphs, these two concepts 
will be reviewed with reference to studies in the 
literature. 
2.2.1 Experimental Studies 
There have been several experimental studies (29,32-
45] which investigated the effect of non-densifying 
heterogeneities on the sintering behavior of the compact. 
Bordia and Raj [32] studied the effect of dense Al 2o 3 
agglomerates in a Tio 2 matrix. Figure 6 shows their 
densification data for various volume fractions and 
agglomerate sizes. It is clear that the presence of the 
agglomerates caused a significant reduction in the 
densification rate, as well as in the final compact 
density. As little as 3 vol% of agglomerates was enough to 
cause a 20% reduction in the final density. Further, the 
problem became more serious as the volume fraction was 
increased. However, there was no effect of agglomerate 
size on the densification behavior, as predicted by theory 
[ 22] . 
Investigations in other systems obtained similar 
results to the above. Dynys and Halloran [33] observed 
that the sintered densities in aggregated Al 2o3 powders 
decreased linearly with increasing aggregate content. In 
16 
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Figure 6. Densification behavior of Tio2 containing dense Al 2o3 agglomerates of three different sizes and volume fractions [ 3 2] . 
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particular, they found that an • increase in aggregate 
content from 6% to 20% produced a 9% reduction in the final 
compact density. Clegg et. al. (34] incorporated 12 µm sic 
particles into a Tio2 matrix with submicron particles. 
They also found a significant reduction in the 
densification rate, and this was enhanced by an increase in 
the volume fraction of particles. Weiser and DeJonghe [35] 
found similar results with sic particles in a ZnO matrix. 
They obtained a 5% reduction in the final density with 4.76 
vol% sic particles, and a 25% reduction in density with 20 
vol% sic particles. However, they also observed a strong 
effect of the sic particle size, but offered no explanation 
for it. Finally, Tuan et. al. [36] added 200 µm fused 
inclusions to an Al 2o3 matrix, and observed a 
decrease in the densification rate as well as a 10% 
decrease in the final matrix density with 10 vol% 
inclusions. 
In summary of the above experimental studies on 
polycrystalline systems, all of the investigations showed a 
significant decrease in the densification rate and/or final 
compact density as a result of the presence of non-
densifying inclusions. Further, a small volume fraction(< 
5 vol%) was sufficient to cause this reduction. This 
effect was attributed in all cases to the generation of 
';3 
backstresses which oppose the driving force for sintering, 
although the magnitude of the backstress was not actually 
18 
• 
measured by any of these workers. 
There have been a few reports of crack-like damage 
resulting from the presence of dense inclusions. In 1983, 
Lange et. al. [29,37,38] studied the problem by 
incorporating very large (on the order of 1-2 mm • 1n 
diameter) agglomerates of varying green density into their 
starting powders. They observed that agglomerates with a 
higher green density than the surrounding matrix led to 
various types of cracking at the agglomerate/ matrix 
interface. There was separation at the interface, as well 
as some radial cracking from the agglomerate into the 
matrix. An example of their microstructures is shown in 
Figure 7. Some cracking was also observed by Bordia and 
Raj [32] in their study on Al 2 o 3 / Tio2 , but around only 
some of the agglomerates. The most noted example of this 
type of cracking is an observation by Ostertag [39,40]. A 
single large (on the order of mm's) dense MgO inclusion was 
'·r.. .. -
incorporated into a MgO matrix, and radial cracking 
occurred from the inclusion into the matrix. Figure 8 
shows this microstructure. This damage was attributed to 
differential sintering stresses. 
There were two recent studies by-Lange et. al. (44,45] 
which suggested that the microstructural damage might be 
due to something other than backstresses. First, he 
demonstrated [44] that no damage will occur around a 
19 
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density agglomerate showing 
some radial cracking [29]. 
separation at 
Figure 8. 
inclusion 
Radial cracking at the interface 
in a sintering MgO matrix [39]. 
of a dense MgO 
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single inclusion provided the processing of the compact is 
performed carefully. Specifically, damage was observed in 
only those sintered compacts which exhibited lairline 
cracks in the green state. The second investigation (45] 
showed that the presence of rigid ceramic fibers decreased 
the packing density of the matrix particles in a composite. 
Thus, these studies suggest that the processing of the 
compact may be a very important factor in determining the 
final microstructure. 
2.2.2. Theoretical Predictions 
Most of the existing theoretical studies and models 
[11,22-26,46-50] have been put forth to calculate the 
' 
magnitude of the backstress generated as a result of 
differential sintering. It is often expressed as some 
percentage of the sintering stress, which can be thought of 
as the driving force for the sintering process, and is 
typically on the order of 1-2 MPa. Studies by Raj and 
Bordia [22-24] and Hsueh et. al. [26] considered a 
nonsintering spherical inclusion which is surrounded by a 
sintering matrix. Their analyses used a viscoelastic 
treatment to describe the sintering body. The result of 
these analyses was to predict very high stresses in the 
matrix. For example, Hsueh et. al. determined the 
backstress to be as high as 250 times the sintering stress. 
Consequently, the reduction in densification rate observed 
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in the experimental studies was attributed at that time to 
these very large backstresses. However, it was later shown 
by Bordia and Scherer (48-50] that it is inappropriate to 
use a viscoelastic model to describe the sintering behavior 
of a porous body, and that a simple viscous analysis should 
be used. Using this analysis, they calculated the 
backstress to be on the order of a few times the sintering 
stress. Their analysis wi11· be described in the next 
section, as it will be used to analyze the data in this 
thesis. 
A model was developed by Lange [51] a few years ago 
which took a different approach to explaining the 
retardation of densification in heterogeneous structures. 
Basically, the inclusions are placed at the corners of a 
network lattice. A strain is produced during sintering of 
the compact because the relative distances between 
neighboring sites are not identical. Shrinkage of the 
compact will then be constrained by the network of 
inclusions. 
2.3 Linear Viscous Analysis of a Sintering Body 
The method used to analyze the data in this thesis was 
developed by Bordia and Scherer [48-50] to describe the 
response of a sintering body to external constraints. The 
description will pe limited to the case of a sintering body 
containing rigid or non-sintering spherical inclusions. 
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The requirements are that the material exhibit isotropic 
shrinkage (during free sintering), and have a strain rate 
which is linearly proportional to the applied stress. These 
are easily verified experimentally. 
Two important quantities used in the analysis are the 
viscous Poisson's ratio, ~P' and the uniaxial viscosity, 
Ep. The viscous Poisson's ratio is simply a ratio of the 
strain rates and can be defined as: 
-
• 
( 1) 
[ E. z -
• • 
where Er and t 2 are the radial and axial strain rates, 
respectively. The superscript f refers to the free strain 
rate. As mentioned earlier, the strain rates are obtained 
directly from the sinter-forging experiments, so that Yp 
is calculated using equation ( 1). Ep represents the 
viscous response to a uniaxial stress, and is calculated 
using the following equations: 
t 
tz -- + (2) 
• 
tr -- - (3) 
where 0-z is the uniaxial stress, which is calculated from 
the load, P, and the area of the sample. 
If the system contains non-sintering inclusions, -Y p 
and Ep can be used to calculate the mean hydrostatic stress 
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at the inclusion/ matrix interface, or the backstress. 
This is determined using the following relations: 
0-rnean (4) 
(5) 
where (fr is the radial stress component, Oe • lS the 
circumferential stress component, and vi is the volume 
fraction of inclusions. As mentioned earlier, this stress 
is usually expressed in terms of the sintering stress, ~. 
Bordia and Scherer [50] plotted the backstress as a 
function of volume fraction for various values of viscous 
Poisson's ratio, and found that the radial component should 
never exceed 2r, and the circumferential component should 
never exceed 2; , as long as ~pis positive. This result 
contrasts the very high values for the backstress obtained 
in earlier analyses [ 2 2, 2 6 J, one of which involved a 
negative value for the Poisson's ratio. 
• 
3. Sinter-forging 
Sintering under applied stress involves two 
simultaneous processes; densification and creep. Therefore 
in order to accurately describe the sintering behavior of 
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T 
the material, each of these components must be assessed. 
Further, the presence of heterogeneities may affect one 
process more than the other, so that it is also necessary 
to be able to separate the two processes in the analysis. 
Also, before the effects of internal stresses (such as 
backstresses generated from differential sintering) can be 
discussed, the response of the sintering body to external 
constraints must be understood. The technique of sinter-
forging is ideal for addressing all of these 
will be shown. 
• issues, as 
A schematic of the sinter-forging setup is given in 
Figure 9. Basically, the material is constrained in the 
axial direction, but there are no constraints in the radial 
directions so that the material can flow outward. A 
uniaxial compressive load, P, is applied, which is easily 
converted into a stress by dividing by sample area. As a 
result of the applied load, the material contracts axially 
and flows outward, as shown in Figure 9. The axial and 
radial displacements are measured continuously during 
sintering using linear voltage differential transformers 
(LVDT's). These axial and radial displacements are 
converted into strains, which represent the shear (creep) 
and densification components of sintering, respectively. 
Since the strains are continuously measured ·over time, they 
are easily converted to strain rates. The free strain 
rates are obtained simply by running the experiment in the 
25 
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• Figure 9 Schematic diagram of • the sinter-forging 
experiment. 
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apparatus with no applied load. These strain rates are 
then used to calculate the viscous Poisson's ratio and the 
uniaxial viscosity, and the analysis continues as described 
in the • previous section . Sinter-forging has been 
successfully used to study the shear and densification 
... 
behavior of glass powder compacts [52-54], but there is 
little data available on polycrystalline materials. 
4. statement of Critical Issues to be Addressed 
As a summary of the background section, the critical 
issues which will be addressed in the thesis will now be 
stated. First of all, a study of the,general sintering 
behavior of YBa 2 cu 3 o 6 +x will be presented, as there has 
been little about this in the literature. Most researchers 
have focussed on the measurement of superconducting 
properties without understanding how the microstructure 
develops, which is surprising since the microstructure has 
been shown to directly affect these properties. Secondly, 
the complex issue of heterogeneous sintering • in 
polycrystalline systems will be studied. There is little 
experimental data in this area to make comparisons with the 
theoretical predictions. Although Bordia and Scherer have 
recently shown that the "backstress'' is calculated to be on 
the order of a few times the sintering stress, this needs 
to be experimentally verified. Also, if the backstress is 
in fact negligible, then the question arises as to what is 
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causing the observed microstructural damage and reductions 
in densification rate. This thesis suggests an alternative 
explanation, which deals with the packing of the matrix 
particles around the inclusions in the green compact. The 
role of a liquid phase will also be investigated here, as 
it • 1S a possible means of overcoming the problems 
associated with heterogeneous sintering. 
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EXPERIMENTAL PROCEDURE 
1. Starting Powders 
Two different starting powders were used for this 
study, referred to hereafter as powder #1* or powder #2**. 
Both powders were prepared by solid state mixing and 
reaction of Y2o 3 , CuO, and Baco 3 to form the appropriate 
For powder #1, this 
composition corresponds to the stoichiometric compound 
Powder #2 was prepared slightly rich in 
yttrium, but poor in barium and copper, relative to the 
stoichiometric composition. This was done in order to 
avoid formation of a liquid phase during sintering. These 
compositions are shown on the phase diagram in Figure 10. 
Both powders were jet-milled to an average particle size of 
2.5 µm, as measured by centrifuging. However, the 
distribution of sizes for powder #1 was wider than that for 
powder #2. 
* Powder #1 was 
member of the 
' Ceramics. 
supplied by AT&T Bell Labs, a supporting 
Lehigh Consortium for Superconducting 
** Powder #2 was supplied by IBM Corp., Research Division. 
2. Specimen Preparation 
The description of specimen preparatidn is divided 
into four sections, corresponding to the four related 
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CuO 
Figure 10. Compositions of starting powders, shown on 
Y2 Bacuo5-cuo-Bacuo2 phase compatibility triangle from phase diagram shown in Figure 2. 
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the 
the 
sintering studies that make up this thesis. 
2.1 Homogeneous Sintering 
Powder #1 was used for all experiments in this study. 
The as-received powder was ground in an agate mortar to 
destroy any agglomerates. Then samples were uniaxially 
pressed at 140 MPa in a stainless steel cylindrical die. 
The green density of each sample was calculated from the 
dimensions and the mass of the sample. The samples were 
placed in Al 2o3 crucibles, surrounded by powder of the same 
composition to prevent reaction with the crucible during 
sintering. Sintering was conducted in a box furnace at 
950°c in flowing oxygen for hold times of o, 0.25, 0.5, 1, 
2, 4, 8, and 16 hours. The heating rate was approximately 
10°c/min, with a cooling rate of s0 c;min. The samples were 
annealed in flowing oxygen at soo 0 c for 24 hours. 
2.2 Heterogeneous Sintering 
Powder #1 was used for all experiments in this 
section. Two types of heterogeneous compacts were studied: 
one contained rapidly shrinking agglomerates, while the 
other contained non-shrinking inclusions. 
For the first type of compact, the starting powder was 
used in the as-received condition. This powder contained 
many soft agglomerates (size range 50-200 µm) consisting of 
very small particles (0.5 - 1 µm). Since the particle size 
distribution of this powder was wide, it was assumed that 
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the finer particles flocced together during powder 
synthesis to produce these agglomerates. The agglomerates 
were randomly distributed throughout the powder, thus 
naturally forming a heterogeneous compact. The powder was 
uniaxially pressed into discs, the green densities were 
measured, and the samples were sintered as described in 
section 2.1. 
For the second type of heterogeneous compact, dense 
inclusions were fabricated and incorporated into the 
starting powder. For preparation of dense inclusions, the 
powder was first ground in a mortar to remove the soft 
agglomerates and form a homogeneous starting powder. Then 
samples were uniaxially pressed and sintered as described 
in section 2.1, to at least 95% theoretical density. These 
bulk samples were crushed in a mortar, and sieved to 
produce the desired inclusion size (50, 200, or 500 µm) . 
These inclusions were then mixed into the starting powder, 
and using the known mass and theoretical density of the 
inclusions, the appropriate volume fraction could be 
obtained (0.05, 0.10, 0.20, or 0.30). This value 
represents the final volume fraction of inclusions rather 
than the volume fraction at the onset of sintering, because 
the theoretical density is used in the calculation. 
Compacts were pressed, sintered, and annealed as described 
in section 2 .1. Control samples which contained no 
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inclusions were sintered at the same conditions for 
• comparison. 
2.3 Effect of a Liquid Phase 
Powder #2 was used as the matrix material for all 
experiments in this section. Dense inclusions were 
fabricated from powder #1, and mixed into the starting 
powder, as described in section 2.2. Powder compacts were 
uniaxially pressed at 35 MPa and isostatically pressed at 
175 MPa. These heterogeneous compacts were sintered in one 
of two ways, depending on whether or not a liquid phase was 
desired. If no liquid phase was desired, the samples were 
sintered in a sealed tube furnace in flowing oxygen which 
was treated to remove atmospheric co2 . In order to induce 
the formation of a liquid phase during sintering, 
I 
some air 
was introduced into the sintering atmosphere by using an 
unsealed box furnace (with flowing oxygen). Control 
samples were also sintered for comparison. All sintering 
(both procedures) was done at 95o0 c for various hold times, 
with a heating rate of 10°c;min and a cooling rate of 
5°c;min. The samples were annealed at soo 0 c in flowing 
oxygen for 24 hours. 
2.4 Sinter-forging 
Powder #1 was used for all sinter-forging experiments. 
Homogeneous powder compacts were prepared as described in 
section 2.1. Heterogeneous compacts containing dense 
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inclusions were fabricated as outlined in section 2.2 using 
10 vol% 50 µm and 200 µm inclusions. All samples for 
sinter-forging were uniaxially pressed at 35 MPa and 
isostatically pressed at 175 MPa. The specimens were 0.63 
cm in diameter and approximately 0.6 cm in height. Details 
of the actual sinter-forging experiments are given in 
section 4. 
3. Characterization 
3.1 Density Measurement 
The density of each sample was determined by 
geometrical, Archimedes', and quantitative stereology 
techniques, and the average value from the three methods 
was used. Hexane was used as the immersion fluid for 
Archimedes' technique, as water reacts with YBa2cu3o7 [55]. 
The value used for theoretical density was 6.36 g/cm 3 [56]. 
For samples containing inclusions, an additional 
density determination was necessary. These heterogeneous 
compacts consist of inclusions with known density (measured 
before incorporation into starting powder) and a 
surrounding matrix of unknown density. A bulk density 
measurement from geometric or Archimedes' methods yields a 
value corresponding to the composite density, including 
both the inclusions and the matrix. However, since it is 
the effect of the non-densifying inclusions on the matrix 
density which is of interest, a density value for the 
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matrix material only is also needed. This is accomplished 
by first measuring the composite density using one of the 
above described techniques and then using the following 
equation: 
Pm= (6) 
where Pm, Pc, and Pi are the densities of the matrix, 
composite, and incl us ions, respectively. The volume 
fraction of inclusions at any time, f, is given by the 
relation: 
(7) 
where Fis the final volume fraction of inclusions, 
determined from the mass of inclusions and the theoretical 
density. This value is chosen to be 0.05, 0.10. 0.20, or 
0.30 before incorporating them into the starting powder, as 
mentioned previously in section 2.2. 
3.2 Metallography 
The sintered samples were mounted in room temperature-
curing epoxy for metallography. Grinding was performed on 
sic papers on rotating wheels using grits 240, 320, 400, 
and 600, followed by a step on 8 µm sic paper to prevent 
grain pullout when proceeding to the polishing steps. The 
specimens were polished using 6 µm diamond paste on a 
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rotating cloth wheel for 90 seconds, followed by polishing 
with 0.3 µm Al 2o3 for 90 seconds. Finally, the specimens 
were etched using a solution of 1% HCl in water to reveal 
the grain boundaries. 
3.3 Microstructural Characterization 
Microstructural evaluation was accomplished using a 
variety of techniques. Optical microscopy was used both in 
bright field and polarized light with a Zeiss Axiomat 
microscope. An ETEC scanning electron microscope (SEM) was 
also used for characterization, in secondary electron mode 
at 20 kV. SEM was used on green compacts containing dense 
inclusions to verify a good dispersion of inclusions and to 
assess the particle packing around the inclusions. This 
was accomplished by securing a broken sample onto a stub 
holder with conductive carbon paint and then coating this 
with Au/Pd to prevent charging in the microscope. The 
polished sintered specimens were observed in their mounts, 
and were coated with either carbon or Au/Pd (carbon is 
necessary if x-ray chemical analysis is being performed 
because the x-ray detector cannot detect carbon). 
Magnification calibration of the SEM was performed using 
10.3 µm latex calibration spheres obtained from the 
Emulsion Polymers Institute at Lehigh. Chemical analysis 
was performed using Energy Dispersive Spectroscopy (EDS) 
with a silicon detector. , 
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3.4 Grain Size Determination 
The average grain size of some of the samples was 
determined using the lineal intercept method (57] on SEM 
micrographs from polished sections. At least 500 grains 
were counted for each grain size determination. Although 
the grain shape is anisotropic for this material, the 
aspect ratio of the grains remained essentially constant 
during sintering so that this method could be used as a 
relative determination of the grain size (58]. 
4. Sinter-forging 
The apparatus used in the sinter-forging experiments 
is shown in Figure 11. The samples were sinter-forged 
under a compressive uniaxial load, P, of O, 0.5, 0.75, or 2 
MPa. The changes in length and diameter of the compact 
were measured continuously by three linear voltage 
differential transformers (LVDT's); one at the top and one 
on either side of the setup, as shown. 
were coated with Au to avoid any reaction with the sample 
during sintering. The heating rate was 10°c;min to 920°c 
and 5°c/min to the sintering temperature of 97o0 c. At this 
time the load was applied so that there was no load on the 
samples during heating. The temperature was held there for 
6 hours, and the load was removed before the samples were 
furnace-cooled to room temperature. The temperatu;re was 
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monitored by a thermocouple placed directly above the 
sample, and the sintering atmosphere was flowing oxygen. 
All data from the experiments was collected continuously by 
a computer, and most of the analysis was performed using 
this computer also. Characterization of the sinter-forged 
samples was carried out using the methods outlined in 
section 3. 
( 
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RESULTS AND DISCUSSION 
1. Homogeneous Sintering Study 
A typical microstructure of sintered YBa 2 cu 3o6+x is 
shown in Figure 12. There are two main features of 
interest in this micrograph, one of which is the platelike 
nature of the grains. The long sides of the grains have 
been shown to be the basal (or a-b) planes, which grow at a 
faster rate than material along the c-axis. Growth along 
the • c-ax1s smooth atomically • lS expected to produce 
interfaces, which leads to the observed slow growth rates 
[3,59,60]. Consequently plate-shaped grains are obtained 
with the long side being the basal plane, and the c-axis 
lying perpendicular to that. A second important feature of 
this microstructure is the presence of twins. Twinning 
occurs to relieve the stresses induced by the tetragonal-
to-orthorhombic phase transformation on cooling in oxygen. 
Above the transition temperature, the a and b axes are 
equivalent, consistent with a tetragonal unit cell. On 
cooling through the transition temperature, the oxygens 
order in the basal plane such that there is a slight 
distortion and a > b. Further cooling increases the 
distortion, resulting in the formation of twins in each 
grain on the {110} planes (58,61,62]. 
The densification behavior is represented as a 
function of time in Figure~13. The sintering time on this 
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Figure 12. Typical microstructure of sintered YBa2cu3o6+x· 
This sample was sintered for 10 hours at 95o 0 c in flowing 
oxygen. Optical micrograph taken in polarized light. 
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plot refers to the amount of time held at the sintering 
temperature of 95o0 c. The green densities of these samples 
were all approximately 60%, which is quite high considering 
that these samples were not isopressed. This is attributed 
to the wide starting particle size distribution of the 
powder. For instance, the smaller particles can fit into 
the interstices of the larger particles, leading to more 
efficient packing and an enhanced green density. The plot 
shows that most of the densification occurs within the 
first two hours of sintering, and the density remains 
relatively constant at 94% for longer sintering times. 
The microstructures corresponding to each sintering 
time are shown in Figure 14. These micrographs clearly 
support the densification curve in that most of the 
densification occurs within the first 1 or 2 hours. After 
this, the density remains essentially constant, and 
considerable grain growth occurs. The grains are plate-
like and there is a wide distribution of sizes, consistent 
with the wide starting particle size distribution. A 
common feature of sintered microstructures of YBa2cu3o6+x 
is entrapped pores, as pointed out in Figure 14(d). This 
is indicative of rapid grain growth where the grain 
boundary moves so rapidly that the pore gets left behind 
and trapped inside the grain. This phenomenon 
I 
1S 
detrimental to densification because these pores will not 
disappear (10]. This pore entrappment may be a·major 
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Figure 13. Relative density as a function of time for 
samples sintered at 95o 0 c in flowing oxygen. 
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contributor to the less-than-theoretical densities achieved 
in YBa 2cu3o6+X' as it is rare to achieve densities above 
94-95% in these materials using pressureless sintering 
techniques. Another common feature of these 
microstructures is the presence of microcracks, shown in 
Figure 14(f). Microcracking occurs due to the thermal 
contraction anisotropy in the unit cell. • During 
oxygenation (either on cooling from the sintering 
temperature or during the anneal), the c-axis of the grains 
contracts more than the a and b axes so that the basal 
plane facets are put into tension. Eventually the grains 
fracture in response to this stress,. resulting • in 
microcracks parallel to the basal planes of the grains 
[3,58]. 
2. Heterogeneous Sintering Study 
2.1 Rapidly Shrinking Agglomerates 
Figure 15 shows the sintered microstructure of a 
sample containing agglomerates. Since the agglomerates 
consist of very fine particles, they have a higher driving 
force for densification [63]. Consequently, the 
agglomerates shrink at a much faster rate than the 
surrounding matrix, which is made up of larger particles. 
The rapidly shrinking agglomerate is subjected to 
hydrostatic tensile stresses, as illustrated in Figure 3. 
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Figure 14. SEM micrographs showing microstructural 
evolution for sintering times of a) o min b) 15 min c) 30 
mind) 1 hr. All micrographs at same magnification. 
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Figure 14 cont'd. e) 2 hrs f) 4 hrs g) 8 hrs h) 16 hrs. 
All micrographs at same magnification. 
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Figure 15. Optical micrograph showing an agglomerate which 
densified faster than the surrounding matrix, leading to 
circumferential crack-like damage. 
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More importantly, a tensile radial stress is induced at the 
weak agglomerate/matrix interface. In order to relieve the 
stresses, the material cracks circumferentially at the 
interface, I 1n Figure 15. This result • 1S as shown 
consistent with predictions based on the stress 
distribution [22,23], and is also consistent with 
observations in other systems [28,29,31]. 
2.2 Non-densifying Inclusions 
Figure 16 shows the densification curves for samples 
with and without inclusions. Note that it is the density 
of the matrix plotted vs. sintering time (the control 
--- -
samples are obviously 100% matrix material since they 
contain no inclusions). The densities of the samples 
containing inclusions are slightly lower for shorter 
sintering times, but as sintering continues this difference 
disappears and the samples reach the same endpoint density. 
This curve is supported by the microstructures, which are 
given in Figure 17. Figure 17 (a) shows an inclusion and 
the surrounding matrix after 1 hour at the sintering 
temperature. There is concentrated porosity surrounding 
the inclusion, which is responsible for the lower densities 
seen on the densification curve. As sintering proceeds, 
however, these voids disappear, and in fact there is 
eventually no hint of the inclusions in the microstructure, 
as shown in Figure 17 (b). The matrix grains grow to the 
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Figure 16. Densification curves for samples with 10 vol% 
200 µm dense inclusions, and corresponding control samples 
with no inclusions. 
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Figure 17. Optical micrographs taken in polarized light of (a) sample containing 10 vol% 200 µm inclusions after 1 hr 
of sintering at 95o0 c (b) same sample after 8 hrs, and (c) 
a control sample with no inclusions sintered for 8 hrs. 
All microgr~phs at same magnification. 
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same size as the inclusion grains, and the inclusion/matrix 
interface "disappears." This microstructure can be 
compared to that of a control sample sintered for the same 
amount of time 
I given I I 1n F 1gure 17 ( C) • These 
microstructures are nearly identical, in agreement with the 
densification curve which shows the same density for both 
samples. As a further study of the rnicrostructural 
development, the grain size was measured for samples with 
and without inclusions, and this plot is given in Figure 
18. It is clear from this plot that the inclusions have 
little to no effect on the grain growth behavior. To 
summarize the effect of the non-densifying inclusions on 
microstructural development, the grain size - density 
trajectories are given in Figure 19. Since these data 
points nearly coincide with each other, it can be concluded 
that the inclusions did not significantly affect the 
sintering behavior of the surrounding matrix material. 
In order to further investigate the effect of non-
densifying inclusions on sintering behavior, the volume 
fraction and size of inclusions were varied. The results 
of this study are given in Table 1. There was a reduction 
in the matrix density when the volume fraction was 
increased above about 20 vol%. Also, some large voids were 
observed in the microstructures of the samples containing 
20 and 30 volume percent inclusions. These observations 
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Figure 18. Grain size as a function of sintering time for 
samples with and without 10 vol% 200 µm dense inclusions. 
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TABLE I. Effect of volume fraction and size of inclusions 
on the matrix density . 
• Volume fraction 
0.00 
0.05 
0.10 
0.20 
0.30 
Matrix density (%) 
95.0 
94.4 
94.4 
93.5 
86.6 · 
* inclusion size was 200 µm 
Inclusion size (µm)* 
none 
50 
200 
500 
Matrix density (o/o) 
94.9 
93.6 
93.6 
91.1 
* volume fraction was 0.1 O 
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are consistent with percolation theory, which predicts that 
for a random distribution of two phases, the percolation 
limit is roughly 16% (64]. Above this, the inclusions 
would form a continuous network so that they would no 
longer act as isolated 200 µm inclusions, but as groups of 
interconnected inclusions. Thus, the voids formed most 
likely as a result of the rigid network of inclusions which 
prevented shrinkage of the compact. There was very little 
effect of the inclusion size on the matrix density, except 
for a slight decrease with 500 µm inclusions. Again, this 
effect is most likely due to difficulty in particle packing 
around the large, irregularly-shaped inclusions. 
In summary of this section, the addition of non-
densifying inclusions did not lead to a reduction in the 
matrix density or to any sintering damage in the final 
microstructures. This result was quite surprising in that 
many experimental studies in the existing literature have 
shown otherwise for various polycrystalline systems, as was 
discussed in detail in the background section of this 
thesis. The most probable cause of the discrepancy in 
sintering behavior between the present system and others 
,, 
studied is that there was a liquid phase present during 
sintering of the YBa2cu3o6+x samples. Recall from earlier 
discussions that it is difficult to avoid forming the Ba-
and cu-containing liquid phase during sintering of 
Such a liquid phase would be expected to 
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enhance creep, which would relax any stresses generated by 
differential sintering. Consequently, less of a reduction 
in density and less crack-like damage would be expected 
because creep would relax the backstress continuously as it 
was generated. In order to investigate this theory, the 
following study of the effect of a liquid phase on 
heterogeneous sintering was conducted. 
3. Effect of a Liquid Phase 
In this study, powder #2 was sintered under two 
different conditions so that one set of samples contained a 
liquid phase during sintering while the other did not. 
The remaining experiments were conducted identically for 
each set of samples so that the only difference was the 
existence of a liquid phase in one of the sets. 
The first set of samples was sintered in pure oxygen 
in a sealed tube furnace to prevent any contamination from 
atmospheric co2 • Microscopy and EDS showed no evidence of 
any liquid phase in the sintered microstructures of these 
samples. The densification curves for samples containing 
inclusions (10 vol%, 200 µm in diameter) and control 
. 
samples with no inclusions are shown in Figure 2·0. This 
plot shows a significant reduction in the densification 
rate and the final density of the matrix as a result of the 
presence o.f non-dens_ifying inclusions. After 8 hours of 
sintering, there is approximately a 6% decrease in the 
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matrix density compared to that of the control sample. The 
microstructures at various sintering times are given in 
Figure 21. Figures 21 (a) and (b) show two different 
inclusions in the surrounding matrix after 1 hour of 
sintering. Both of these micrographs show concentrated 
porosity or voids and some separation at the inclusion/ 
matrix interface. This "damage" persists after longer 
sintering times, as is evident in Figures 21 (c) and (d) 
for samples sintered for 8 hours. There is separation at 
the interface, as well as extensive porosity that extends 
into the matrix material. Thus, this result is consistent 
with other research in that there was a significant 
reduction in the density as well as some sintering damage 
as a result of adding non-densifying inclusions to a 
densifying matrix. However, the cracking was not radial, 
as was expected from the stress distribution around the 
inclusions. Consequently, it is quite possible that the 
effects were caused by some factor other than stresses. 
This point will be further discussed later. 
Since the purpose of this study was to assess the 
effect of a liquid phase, the above results for liquid-free 
samples can now be compared to those which contained a 
liquid phase during sintering. These samples were also 
sintered in flowing oxygen, but in a box furnace which was 
not sealed for environmental control. EDS on these samples 
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Figure 21. Optical micrographs showing dense inclusions in 
a densifying matrix with no liquid phase, after sintering 
for (a) & (b) 1 hr and (c) & (d) 8 hrs. All micrographs at 
same magnification. 
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revealed the presence of a Ba- and cu- rich phase, as shown 
in Figure 22. It is obvious from observations in the SEM 
and optical microscope that this phase was a liquid during 
sintering, and it is known to wet the grain boundaries 
(65). It should be noted here that it is quite possible 
that the oxycarbonate liquid phase was also present, but as 
carbon and oxygen are not detectable in the EDS system 
used, only the Ba- and Cu- rich liquid phase was detected. 
Quantitative stereology was used to estimate the volume 
fraction of this liquid phase to be approximately 2.5%. 
The densification curves for these samples with and without 
incl us ions ( 1 o vol%, 2 O O µm diameter) are given in Figure 
23. As suspected, these curves look very similar to those 
from Figure 16, where there was some density reduction at 
short sintering times, but the curves eventually converged 
to the same endpoint density. Thus, the behavior of the 
samples studied in the previous section can be attributed 
' 
to the presence of a liquid phase during sintering (and in 
fact EDS on the samples supported this). The 
microstructures corresponding to the curves shown in Figure 
23 are given in Figure 24. Again, these are similar to 
those from the previous section. There is some void 
concentration at the inclusion/ matrix interface after 1 
hour of sintering (Figure 24(a)), but this disappears as 
sintering proceeds and the inclusions become 
-.indistinguishable in the microstructure, as shown in Figure 
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Figure 24. Optical micrographs ~hewing dense inclusions in 
--· a densifying matrix containing a 1 iquid phase, after · 
sintering for (a) 1 hr (b) 8 hrs, and (c) a control sample 
·sintered for 8 hrs. All micrographs at same magnification. 
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2 4 (b). The control sample is shown in Figure 24(c) for 
comparison, and it is clear that the microstructures 
essentially look the same. The abnormal grains in these 
micrographs are a good indication of the presence of a 
liquid phase during sintering. Also, the Ba- and Cu- rich 
liquid phase shows bright contrast in the optical 
microscope, and is therefore easily seen. One such region 
is indicated in Figure 24 (c). 
It follows from these results that the liquid phase in 
this system plays a very important role. Recall that in 
both cases there was some microstructural damage and some 
reduct ion in the ma tr ix density at short sinter ing times. 
However, in the system which contained 1 iquid, these 
problems were corrected with time and homogeneous 
microstructures were restored. Based on this observation, 
two possible roles for the liquid phase are suggested. 
The first (and simplest) proposed role for the liquid 
phase is that it alleviates packing problems which 
originate as a result of the inclusions in the green state. 
Figure 2 5 shows a SEM micrograph of a green compact 
containing dense inclusions, and the arrows point out three 
distinct regions in the microstructure. At the top, the 
large dark grains are part of the inclusion. Beneath this, 
there is a layer approximately 5 particles thick of very 
loosely-packed particles which surrounds the inclusion. 
Below this are the more densely-packed particles that make 
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Figure 25. SEM micrograph of a green compact containing 
dense inclusions, showing a layer of poorly-packed 
particles surrounding the inclusion. 
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up the matrix. Thus, there is some difficulty in packing 
around the inclusions, as evident in the micrograph. 
Further, the inclusions are very irregular in shape due to 
the fabrication technique, and it is quite reasonable that 
the particles would not be able to pack efficiently around 
them. This is easily seen in the micrographs in Figure 21, 
where there is some separation at the inclusion/ matrix 
interface. It looks as though the matrix particles simply 
co u 1 d not- in 'f i 1 tr ate the i n t erst i c e s and thus pack 
efficiently around the irregular shapes of the inclusions. 
Consequently these regions never recover and do not sinter 
as well as the surrounding material. However, when the 
liquid phase • is present, it can aid in particle 
rearrangement during the initial stages of sintering, thus 
making it • easier for the particles to form necks and 
eventually densify. One mechanism by which this can occur 
is as follows. The spreading of a wetting liquid phase 
will induce capillary forces, and thus particle contact. 
This allows the solid particles to rearrange themselves 
into a higher coordination [66]. Hence the samples with 
inclusions sinter as well as the control samples, and the 
microstructures are essentially homogeneous. Thus, this 
explanation assumes that if there is a backstress generated 
from differential sintering, it is not sufficiently large 
to constrain the sintering of the matrix. This idea is 
consistent with the theoretical predictions of Bordia and 
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Scherer, which showed that the generated backstress was 
quite small, and was probably not solely responsible for 
the problems related to heterogeneous sintering. Also, 
this idea supports observations by Lange [45] which showed 
that the packing density of matrix particles in a composite 
was decreased by the presence of rigid fibers. Thus, ·the 
heterogeneities simply caused packing problems which were 
alleviated by the liquid phase. 
The second argument is one which has previously been 
thought to be the case, i.e. that a large backstress is 
produced as a result of differential sintering rates which 
opposes the sintering stress. This backstress would 
therefore be responsible for reducing the densification 
rate of the matrix, and also for the damage around the 
inclusions in the samples with no liquid phase. In this 
case, when a liquid phase was present, it would enhance 
creep to relax the stresses as they were generated so that 
there would be no effect on the sintering behavior. In 
order to study this possibility, sinter-forging experiments 
were conducted from which the backstress was calculated. 
These results are presented in the next section. 
4. Sinter-forging 
1, 
The sinter-forging experiments were first conducted on 
samples with no inclusions in order to study the response 
of the matrix alone. This data will then be used for 
, 
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comparison with samples containing inclusions in order to 
quantitatively assess the effect of the inclusions on the 
sintering behavior of the matrix. 
4.1 Homogeneous Compacts 
The LVDT's measured voltage as a function of time in 
the axial and radial directions. Data from the two LVDT's 
on the sides of the apparatus was summed to obtain the 
total radial response. An experiment was first conducted 
on a sample with no applied load to obtain the thermal 
expansion data for this material, which was later 
subtracted from the voltage-time curves for each sample. 
The voltages were then converted to displacements using a 
scaling factor which was determined from calibration 
experiments. The axial and radial strains were calculated 
from these displacements using the sample dimensions. The 
curves for strain vs. time are shown in Figures 2 6 (a) and 
26(b), respectively, for the different applied loads. As 
would be expected, the axial strains were all negative 
because the applied load was compressive and the sample was 
deformed in this direction. Finally, the strains increased 
as the applied load was increased, causing a greater of 
deformation, as would be expected. Figure 26(b) shows that 
the radial strain was only positive for large applied 
stresses ( i.e. > 0.75 MPa). In order to understand this 
behavior, first recall that sinter-forging involves creep 
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(shape change) as well as densification. Now consider the 
response of a sintering body under no applied load, such as 
that represented on the curve for o MPa on the graph. All 
of the strain is due to shrinkage from densification so 
that the sign is negative. However the application of the 
compressive load (stress) provides the driving force for 
creep, which also produces a strain. Thus the sample wants 
to shrink and expand at the same time. Eventually, when 
the stress is large enough, creep dominates and the sample 
expands radially, producing a positive strain value. For 
this system, that stress value was approximately 0.75 MPa. 
The sample densities were calculated from the initial 
and final sample dimensions and the strains at a given 
time, and the density vs. time curve is given in Figure 27. 
The final density increased slightly for each increasing 
load, and the densification rate (i.e. the slope of the 
curve) also increased with increasing load, as clearly 
shown by the curve for a stress of 2 MPa. The effect is 
also seen for the curve for 0.75 MPa, where it started at a 
lower green density, but reached a higher final density 
because its rate was higher. This result was expected 
since the applied load increases the driving force for 
densification, as shown by the following relation [67]: 
(8) 
where~ is the sintering stress (i.e. the driving force for 
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densification), 0-z is the applied stress, and I O is the 
intrinsic sintering stress. Also, it is well known that 
the densification rate of many materials can be enhanced by 
hot-pressing, which is similar to sinter-forging, but the 
sample is constrained from flowing in all directions. 
At this point in the analysis, the independent 
variable was changed from time to density in order to 
observe the behavior of viscous Poisson's ratio and 
uniaxial viscosity as a function of density. This was done 
by picking points off the strain rate vs. time curves and 
the density vs. time curves to obtain a plot of strain rate 
vs. density. 
The viscous Poisson's ratio, YP' was calculated using 
equation (1) and was plotted as a function of density, as 
shown in Figure 28. This single curve represents the 
average of the curves for each applied load since there was 
no systematic dependence of Yp on the load. First of all, 
this plot verifies that ~pis in fact always positive. In 
other words, when a compressive uniaxial stress is applied, 
the material will expand radially, and contract axially. 
All the models previously discussed which predicted very 
large backstresses in the matrix led to a negative value of 
the Poisson's ratio. These sinter-forging experiments 
clearly showed that this is not the case, supporting the 
Bordia and Scherer analysis. This plot is best understood 
by first considering the behavior of an incompressible 
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(i.e. fully dense) solid. The following equation relates 
the bulk viscosity,~' to viscous Poisson's ratio: 
-
- Ep / 3 ( 1 - 2 "Y p) (9) 
The bulk viscosity is infinite for an incompressible solid, 
and this equation shows that "Y p = 1/2 when this occurs. 
Thus as a material densifies, it approaches 
incompressibility and "YP approaches 0.5. This is exactly 
the behavior which is shown in Figure 28. The curve is cut 
off at 90% theoretical density, but if it were extrapolated 
to 100% density, "Yp would be very close to 0.5. 
The uniaxial viscosity, EP' was calculated according 
to equations (2) and (3), and is shown as a function of 
density in Figure 29. As expected, the material becomes 
more viscous (less compressible) as it densifies. The most 
noticeable feature of this plot is the rapid increase in Ep 
at approximately 9 0% density. This behavior is very 
similar to a grain size-density trajectory, such as the one 
shown in Figure 19. Note how the grain size increases 
rapidly at approximately 90%. It is highly likely that the 
dramatic increase in Ep at 90% density is due to the
1 
onset 
of rapid grain growth. In order to confirm this 
hypothesis, further experiments are necessary to 
characterize the grain size for various points on the 
curve. In general, there is a need for studies of the 
grain size dependence for the parameters in this analysis, 
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as dens if ication and grain growth are mutually dependent 
processes. 
After ~p and Ep were calculated for each applied 
stress, the check for 1 inear behavior was done. In order 
to check that the strain rate varies linearly with the 
applied stress, it is sufficient to verify that Yp and Ep 
were independent of the applied stress. While this was the 
case for ~P' it certainly was not the case for Ep. Again, 
it is highly probable that this is due to a grain size 
dependence of EP' and if it were normalized to the grain 
size, the curves for each stress would be identical. 
4.2 Heterogeneous Compacts 
All data on sinter-forging of heterogeneous compacts 
was obtained from samples containing 10 vol% of 50 µm 
inclusions. The samples with 200 µm inclusions cracked 
severely under applied load, and therefore could not be 
used for analysis. 
Figure 30(a) shows the densification curves for 
samples with and without inclusions for no applied load. 
This plot clearly shows that there was a significant 
reduction in the densification rate and final density as a 
.. 
result of the non-densifying inclusions. Also, there was 
approximately a 3% decrease in the final density. This 
result agrees well with the data showed earlier (Figure 20) 
'': 
for samples sintered with no liquid phase. The effect was 
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enhanced when a load was applied, as shown in Figure JO(b). 
The compressive load actually increased the densification 
rate of the samples without inclusions more dramatically 
than for samples with inclusions, to enhance the difference 
in these curves. This is due to the fact that the samples 
with no incl us ions are more compressible, and hence 
sinterable. 
Figure 31 shows that the samples with inclusions had a 
higher uniaxial viscosity than those with no inclusions. 
Again, this is due to the increased rigidity and 
incompressibility of the structures containing dense 
inclusions. This effect can be easily understood by 
considering the viscosity of a slurry, i.e. the viscosity 
of water is significantly increased by the addition of 
sol id Al 2 o 3 particles to farm the slurry. Similarly, the 
presence of large, rigid inclusions increased the viscosity 
of the compact. 
The effect of the inclusions on the sintering behavior 
of the matrix can be quantitatively assessed by calculating 
the ratio of the strain rates, as shown in Figure 32 for no 
• 
applied load. The symbol e actually denotes the uniaxial 
strain rate, but this is equal to 1/3 of the densification 
rate for free sintering · (no applied load). And since the 
ratio of two rates is being used, it will be referred to as 
the ratio of densification rates. This plot shows the 
ratio of the densification rate of the composite samples,to 
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that of the samples with no inclusions to be approximately 
0.72. However, it is the densification rate of the matrix 
material only in the composite that is of interest, because 
the inclusions will influence this behavior. Although the 
strain measurements (and hence the data for this plot) were 
made on the composite samples (i.e. matrix+ inclusions), a 
simple calculation can be made to obtain the densification 
rate of the matrix alone. 
composite is expressed as: 
The free strain rate of the 
. f 
t.c 
where vi is the volume fraction of 
free strain rate of the matrix, and 
. 1 . C. f inc us ions, c:. m 
. f Ei is the free 
(9) 
is the 
strain 
rate of the inclusions. Since the inclusions are non-
densifying, 
I f 
~i - o, and the equation becomes: 
. f 
Em (10) 
Using this equation, the ratio was calculated to be 0.78. 
In other words, the presence of dense inclusions retarded 
the densification rate of the matrix by 22%. This ratio 
remaied relatively constant over this density range, which 
indicates that the rate reduction occurred immediately as 
dens if ication began and then did not get any worse up to 
85% qensity. In fact, the amount of retardation would be 
' -.....'.·-~- ·_ -
p.·.c1 · - expected to gradually dec,rease as the densification rate 
decreased in the final stages of sintering. 
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The backstress generated by the inclusions was 
calculated using equations (4) and (5) for a volume 
fraction of 0.10. The viscous Poisson's ratio was obtained 
from measurements on the matrix alone (the homogeneous 
compacts). This backs tress was calculated to be o. 06 I , 
which means that it was directly responsible for only a 6% 
decrease in the densification rate. 
Since the backstress was not large enough to account 
for the 22% reduction in densification rate, some other 
factor must be responsible. It is proposed that this 
factor is the inefficiency of particle packing around the 
inclusions in the green compacts, which was described in 
section 3. 
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CONCLUSIONS 
When YBa 2cu 3o6 +x powder compacts containing soft 
agglomerates were sintered, the agglomerates densified more 
rapidly than the surrounding matrix. The result was that 
the agglomerates pulled away from the matrix, 
I 
causing 
circumferential crack-like damage at the agglomerate/matrix 
interface. However, when dense inclusions were 
incorporated into the compacts, the densification behavior 
of the matrix was not affected, contrary to observations in 
other polycrystalline systems. It was proposed that a 
small amount of liquid was present in these samples, which 
was responsible for the discrepancy in behavior. 
In the absence of any liquid phase, the presence of 
dense inclusions caused a significant reduction in the 
densification rate of the matrix, and caused some 
microstructural damage. However, when a liquid phase (2.5 
vol%) was present during sintering, the densification 
curves for samples with and without inclusions coincided 
after a certain amount of time. Also, some microstructural 
damage was present in the early stages of sintering, which 
was corrected with time. Thus, the addition of a small 
amount of liquid phase homogenized the microstructure. 
Sinter-forging experiments demonstrated that the 
inclusions caused a 22% reduction in the densification rate 
of the matrix (in samples with essentially no liquid 
- ~-. 
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phase). Further, the stress generated by the rigid 
inclusions, often termed the "backstress", was calculated 
to directly account for only a 6% reduction in the 
densification rate. Consequently it was proposed that poor 
packing of the matrix particles around the irregularly-
shaped inclusions which occurred in the green compacts led 
to the reductions in densification rate, and also the 
microstructural damage observed. When the liquid phase was 
present, it facilitated rearrangement of these particles to 
enhance packing efficiency, and hence densification, around 
the inclusions. It was therefore concluded that the 
processing of the heterogeneous powder compacts was the 
important factor in determining the sintering behavior, 
rather than the stresses generated from differential 
densification, as previously thought . 
• 
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